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8SUMMARY
During the past ten years, large-scale transcript analysis using microarrays has
become a powerful tool to identify and predict functions for new genes. It allows
simultaneous monitoring of the expression of thousands of genes and has become a
routinely used tool in laboratories worldwide. Microarray analysis will, together with
other functional genomics tools, take us closer to understanding the functions of all
genes in genomes of living organisms.
Flower development is a genetically regulated process which has mostly been
studied in the traditional model species Arabidopsis thaliana, Antirrhinum majus and
Petunia hybrida. The molecular mechanisms behind flower development in them are
partly applicable in other plant systems. However, not all biological phenomena can be
approached with just a few model systems. In order to understand and apply the
knowledge to ecologically and economically important plants, other species also need
to be studied.
Sequencing of 17 000 ESTs from nine different cDNA libraries of the ornamental
plant Gerbera hybrida made it possible to construct a cDNA microarray with 9000
probes. The probes of the microarray represent all different ESTs in the database.
From the gerbera ESTs 20% were unique to gerbera while 373 were specific to the
Asteraceae family of flowering plants.
Gerbera has composite inflorescences with three different types of flowers that vary
from each other morphologically. The marginal ray flowers are large, often pigmented
and female, while the central disc flowers are smaller and more radially symmetrical
perfect flowers. Intermediate trans flowers are similar to ray flowers but smaller in size.
This feature together with the molecular tools applied to gerbera, make gerbera a
unique system in comparison to the common model plants with only a single kind of
flowers in their inflorescence.
In the first part of this thesis, conditions for gerbera microarray analysis were
optimised including experimental design, sample preparation and hybridization, as well
as data analysis and verification. Moreover, in the first study, the flower and flower
organ-specific genes were identified.
After the reliability and reproducibility of the method were confirmed, the
microarrays were utilized to investigate transcriptional differences between ray and disc
flowers. This study revealed novel information about the morphological development as
well as the transcriptional regulation of early stages of development in various flower
types of gerbera. The most interesting finding was differential expression of MADS-box
genes, suggesting the existence of flower type-specific regulatory complexes in the
specification of different types of flowers.
9The gerbera microarray was further used to profile changes in expression during
petal development. Gerbera ray flower petals are large, which makes them an ideal
model to study organogenesis. Six different stages were compared and specifically
analysed. Expression profiles of genes related to cell structure and growth implied that
during stage two, cells divide, a process which is marked by expression of histones,
cyclins and tubulins. Stage 4 was found to be a transition stage between cell division
and expansion and by stage 6 cells had stopped division and instead underwent
expansion. Interestingly, at the last analysed stage, stage 9, when cells did not grow
any more, the highest number of upregulated genes was detected.
The gerbera microarray is a fully-functioning tool for large-scale studies of flower
development and correlation with real-time RT-PCR results show that it is also highly
sensitive and reliable. Gene expression data presented here will be a source for gene
expression mining or marker gene discovery in the future studies that will be performed
in the Gerbera Laboratory. The publicly available data will also serve the plant research
community world-wide.
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1 INTRODUCTION
BACKGROUND
Gerbera hybrida, unlike other commonly used model species, has a composite
inflorescence with different types of flowers that vary morphologically from each other.
This complex organization, consisting of hundreds of flowers in a single flower head,
allows us to address and study questions not possible in more widely used model
systems such as Arabidopsis thaliana, Antirrhinum majus or Petunia hybrida, and
makes gerbera unique for flower developmental studies.
In recent years, the use of high-throughput technologies has increased rapidly in
molecular biology. The first completely sequenced plant genome, that of A. thaliana,
was published in the year 2000 (The Arabidopsis Initiative, 2000) and two other whole
genome sequences are available; rice and poplar (Goff et al., 2002; Tuskan et al.,
2006). Furthermore, around 30 whole genome sequencing projects are in progress. In
addition, there are currently hundreds of EST (Expressed Sequenced Tag) sequencing
projects, which provide material for gene mining and transcriptional analysis of genes.
ESTs can be used as templates for microarrays as well as for virtual northern analysis.
A primary goal of the plant research community is to assign function for every plant
gene in the sequenced genomes. Today, the microarray is the most widely and
routinely used tool for transcriptional analysis in laboratories worldwide.
Genetic regulation of flower development is widely conserved in angiosperm plant
species and knowledge from studies using model species can be applied to
economically important plants (Zik and Irish, 2003; Jack, 2004; Krizek and Fletcher,
2005). Gerbera represents the Asteraceae family of flowering plants, which includes
around 23 000 species (Bremer, 1994). These also include economically important
plants. Gerbera hybrida, in addition for being a scientific model system, has economic
importance by being one of the most sold cut-flowers at markets today.
FUNCTIONAL GENOMICS IN PLANTS
The goal for the post-genomic era of plant biology is to assign functions for every gene
in the plant genome. Functional genomics uses large-scale methods in order to
describe functions and interactions of genes by studying genomic sequences,
transcripts, proteins, metabolites and phenotypes (Bouchez and Höfte, 1998; Kennedy
and Wilson, 1999; Somerville and Somerville, 1999; Colebatch et al., 2001; Holtorf et
al., 2002; Steinmetz and Davis, 2004). High throughput technologies of genomics,
transcriptomics, proteomics, metabolomics and phenomics have shifted the focus from
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single gene research towards a holistic understanding of gene function. None of the
methods alone is able to provide enough information to infer function for an unknown
gene but instead, combined data from different functional genomics tools brings us
close to this goal.
Most of the tools used in functional genomics are based on traditional methods
which have been adjusted for high-throughput systems. At the genome level (DNA),
gene function is studied using sequencers and bioinformatics while several methods
have been developed in order to analyse the transcriptome (RNA) of organisms.
Microarrays are the most widely and routinely used tools to study transcriptome
activity, but also gel-based (Differential display, cDNA-AFLP) and sequence-based
(ESTs, SAGE, MPSS) methods are available. The proteome can be studied with 2D-
gels, 2D-LC (2D-Liquid Chromatography), MS (Mass Spectrometry) and BIA-MS
(Biomolecular Interaction Analysis Mass Spectrometry) and the metabolome with, for
example, GC-MS (Gas Chromatography-Mass Spectrometry). For phenotypic analysis,
several different methods for mutant screens have been developed, mostly in
arabidopsis.
In this study, a cDNA microarray, a high-throughput tool for the analysis of the
gerbera transcriptome, has been developed and utilized. Large-scale transcriptional
analysis is a powerful tool to discover novel genes and to get information on the
expression of unknown genes in different tissues of plants. During the past ten years,
functional analysis of the transcriptome using microarrays has become the most
prominent tool to study and understand gene function based only on raw sequence
data. The different transcriptional analysis methods, gel- and sequence based, as well
as microarrays, monitor expression of thousands of genes simultaneously.
GEL-BASED METHODS IN TRANSCRIPTOMICS
The two gel-based methods, differential display and cDNA amplified fragment length
polymorphism (cDNA-AFLP), are applied for transcriptomics in order to find new genes
and to study expressional differences in tissues (Figure 1A and B, Liang and Pardee,
1992; Vos et al., 1995; Bachem et al., 1996). Both of these methods detect differential
expression of cDNAs in the analysed conditions. Differential display is based on PCR,
where one primer hybridizes to the poly(A) tail of the cDNA and  the other to a random
location upstream on the transcript. PCR fragments are separated on a gel and
compared, then differentially expressed bands can be isolated and identified (Liang
and Pardee, 1992). A disadvantage with this method is that abundantly expressed
clones are enriched. In addition, differential display often results in a high number of
false positives. Furthermore, the use of the poly-dT primer results in amplifying 3'
untranslated regions, which can make data difficult to interpret (Bachem et al., 1996).
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Differential display amplifies a subset of DNA molecules while AFLP, a DNA
fingerprinting method, amplifies a subset of genomic DNA. cDNA-AFLP is a RNA-
fingerprinting method which uses AFLP standard protocol on a cDNA template (Vos et
al., 1995; Bachem et al., 1996).
Recently it was shown that cDNA-AFLP transcript profiling is an effective technique
for generation of quantititative gene expression profiles for eQTL mapping in plants and
animals (Vuylsteke et al., 2006). Gene expression QTL (eQTL) has been found to be a
powerful method to identify genes causing the phenotypes of quantitative traits (Schadt
et al., 2003). So far it has been possible to apply the eQTL method only on those
species for which whole genome microarrays are available, but cDNA-AFLP can be
used on species for which the complete genome has not yet sequenced.
Figure 1. A simplified overview of different steps in A) differential display (Liang and Pardee,
1992) and B) cDNA-AFLP (Vos et al., 1995; Bachem et al., 1996). In differential display,
arbitrary primers are used for PCR amplification while in the cDNA-AFLP, PCR-primers are
specific.
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SEQUENCING- BASED METHODS IN TRANSCRIPTOMICS
EST sequencing
In EST sequencing, pieces of mRNA corresponding to expressed genes are reverse
transcribed into cDNA which is sequenced from one end. This leads to a collection of
sequence tags that represent fragments, a few hundred base pairs long, of the target
mRNA. The number of tags corresponding to individual genes directly reflects the
expression level of the given gene. Analysis of transcriptional activity by using EST
data only as a source is called an "electronic northern". ESTs can also be applied as a
source for constructing cDNA microarrays. In addition to transcriptional analysis, ESTs
can be used to confirm coding regions of genomic sequences, to study phylogenetic
relationships and to build genomic maps (Alba et al., 2004).
Millions of ESTs are available from hundreds of species in public databases. The
most sequenced plant species are rice, with more than a million (1 188 562), maize
with 1 143 728, arabidopsis with 622 972 and wheat with 855 066 tags. Among the
Asteraceae, the largest EST collection, 94 110, is from the important oilseed, sunflower
(www.ncbi.nlm.nih.gov/dbEST/dbEST_summary.html, 3.10.2006). ESTs can be used
to complement whole genome sequencing, but where genomic sequencing is too
expensive, they are the only way to approach global gene expression.
There are some disadvantages of using EST sequencing in gene mining and in
expression studies. The combination of many libraries and relatively few ESTs from
each library decreases the possibility of finding rare transcripts. This is one of the three
sources of error in EST sequencing (Alba et al., 2004). The second source is
mispresentation of transcripts due to atypical sequence features that might affect, for
example, cDNA synthesis or sequencing and the third is data processing (Alba et al.,
2004). There is no substitute for the whole genome sequences, but while nothing better
is available, ESTs make a good incomplete solution (Rudd, 2003).
Serial analysis of gene expression (SAGE)
Compared to ESTs, a more advanced sequencing method that has been applied to
transcriptomics, is Serial Analysis of Gene Expression (SAGE) (Figure 2, Velculescu et
al., 1995). SAGE is a rapid and extensive analysis of thousands of transcripts and is
more complete than the EST sequencing. SAGE is based on the fact that a nucleotide
sequence as short as 9-10 base pairs provides enough information for transcript
identification. In SAGE, cDNA is cleaved with restriction enzymes and the 3' ends are
attached to streptavidin beads. The cDNA is then divided into two and ligated with
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different primers, both including a recognition site for a restriction endonuclease that
cleaves around 20 base pairs away from the recognition site. This leads to small tags
of cDNAs, which can be ligated together and cloned in tandem.
SAGE is more expensive in comparison to EST sequencing so it is not as widely
used in plant research. In plants, SAGE has been applied only in a few studies and
SAGE collections are available for maize (Poroyko et al, 2005), rice (Matsumura et al.,
1999; Gibbings et al., 2003), loblolly pine (Lorenz and Dean, 2002) and arabidopsis
(Ekman et al., 2003; Fizames et al., 2004). In practice SAGE is mostly used in
organisms where the complete genome sequence is available because it makes
annotation of the small tags possible. Due to this and the high cost of SAGE, ESTs are
still the most common way to discover new genes whenever whole genome
sequencing is not available.
Figure 2. A simplified overview of different steps in the Serial Analysis of Gene Expression
(SAGE) procedure (Velculescu et al. 1995). In SAGE, AE is a four cutter restriction enzyme
(e.g. NlaIII) and TA is TypeIIS enzyme (e.g. BsmFI). TypeIIS enzymes recognize the linker and
cut several bases away from the recognition site.
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Massive parallel signature sequencing (MPSS)
The third sequencing based method to study transcriptomics is Massive Parallel
Signature Sequencing (MPSS) (Figure 3, Brenner et al., 2000a, b; Meyers et al.,
2004a, b). MPSS is the most powerful sequencing method invented so far, as it can
generate millions of sequences in a simultaneous manner using microbeads. In MPSS,
the 3' ends of a cDNA library are cloned in vitro on microbeads, from which 20-base
"signatures", generated for each transcript, are sequenced. An advantage with MPSS,
in comparison to other sequencing based methods, is that no DNA fragment separation
is needed to perform it. Moreover, it does not require complex robotic systems. With
MPSS, more than 500 000 signatures can be sequenced in a single run which allows
detection of transcripts with very low expression levels. The number of signatures
reflects directly the expression level of the corresponding gene. In order to determine
the transcripts, the signatures are matched to the genomic sequence. Because the
MPSS collections present a high number of sequences, including rare ones, it has
been successfully used for example in annotation of microRNA sequences in
arabidopsis (Lu et al., 2005; Maher et al., 2006).
Figure 3. A simplified overview of the steps in the Massive Parallel Signature Sequencing
(MPSS) procedure (Meyers et al. 2004b). The steps to generate signatures are presented on
the left and the sequencing overview on the right.
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MICROARRAY ANALYSIS IN TRANSCRIPTOMICS
The sequencing based methods, described above, do not need any prior knowledge of
the gene sequences and furthermore allow detection of novel transcripts present in the
transcriptome. In contrast, microarray technology is a closed method, meaning that it is
based on previous knowledge of what is printed on the slides. The microarray
technology was first introduced in a study where the differences of 45 arabidopsis
genes were measured in a two-dye experiment (Schena et al., 1995). The number of
publications using microarrays has increased more than ten fold during the last five
years, including the use of microarrays in plant research. High-density microarrays
make it possible to study expression of up to 80 000 genes at once.
DNA microarrays were developed for large-scale analysis of gene expression but
during recent years they have been utilized also for other purposes. One application is
in diagnostics of plant pathogens and microbial contaminants in food (Boonham et al.,
2003, Francois et al., 2005, Lievens et al., 2006; Roy and Sen, 2006). Another widely
used application is in comparative genomics. A Single Nucleotide Polymorphism (SNP)
and a Single Feature Polymorphism (SFP) discovery has been used in barley and in
arabidopsis in order to identify genetic markers in two genotypes (Borevitz et al., 2003;
Hazen and Kay 2003; Schmid et al., 2003; Rostoks et al., 2005; West et al., 2006). The
SFP is a polymorphism that can be detected with a single probe on an oligonucleotide
microarray. Development of the SFP detection tool for the complex plant genomes will
be beneficial in QTL mapping (Borevitz et al., 2003). In addition, microarrays can be
used in the discovery of evolutionary patterns (Ranz and Machado, 2006).
Most often, microarrays are glass microscope slides including probes representing
different genes. Based on the probes, microarrays can be categorized into oligo and
cDNA arrays and they can be used in one- or two-dye experiments. Recently,
experiments that utilize a third dye for quality control purposes have been introduced
(Hessner et al., 2006).
Oligoarrays contain either short or long oligos as probes. The Affymetrix system is a
single-dye system, where short oligonucleotides for each gene are printed in multiple
forms, including negative and positive controls. The probes are synthesized onto glass
slides photolithographically (Lockhart et al., 1996). The Affymetrix chip is a commercial
system for microarray production including its own software for reading and data
analysis of the slides.
Short and long oligos can be designed for custom-made slides. Long oligos are
typically 60-70 bases long and short, only 20-30 bases. In species where only EST
collections are available, microarrays are normally produced using the cDNAs as
probes, as in gerbera. The use of ESTs reduces the specificity of the probes in
comparison to the oligoarrays. Some studies comparing the different platforms have
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shown that the oligo arrays are highly comparable to each other, while the cDNA
microarrays do not show equal concordance with the other platforms (Mah et al., 2004;
Woo et al., 2004). However, there are also reports with an opposite conclusion,
showing that the oligo and cDNA arrays are highly correlated (Petersen et al., 2005). At
the moment, long oligoarrays are the most used in custom slides because they give
higher signal than short oligos. The advantage of oligos as probes is that they are more
specific than cDNAs and are easier to synthesize in large amounts because plasmid
isolations and PCRs are not needed. It is also simpler to control what is printed on the
slides.
The variability between interpretations of the results from different platforms, prove
the importance of the validation of the microarray results with other independent
analysis methods. It needs to be accepted that microarrays are never without error.
Still, by using statistical analyses, biological variation between studied samples can be
estimated (Clarke and Zhu, 2006).
In two-dye experiments, two conditions are compared to each other on a single
slide (Figure 4). RNA from two samples is first isolated and reverse transcribed to a
cDNA. The cDNA of the two samples is then labelled with different dyes, most often
with cyanine 3 (Cy3) and cyanine 5 (Cy5), the former fluorescing at a wavelength of
532 nm and the latter at 635 nm. In a direct labelling experiment, the dye is directly
attached to the cDNA while in indirect methods, for example, aminoallyl groups are
attached to the nucleotides during the cDNA synthesis, to which the dye is attached in
a subsequent step. In many cases the indirect labelling is more efficient than the direct
labelling.
After hybridization of the labelled samples on the same slide, the slide is read with a
scanner. Scanning results in one gray scale 16-bit TIFF image, with a dynamic range of
65 535, for each of the two different wavelengths. These images are the raw data files
for a microarray data analysis. Two images can be overlaid to directly visualize the
difference between two samples. One image is usually labelled with false colours, one
with green and the other with red. In the overlaid image, a green spot means
upregulation in one sample and red in the other, while yellow means equal expression
in both samples (Figure 4). Microarray data is presented as ratios between the
intensities of the two samples. From the raw images, spots must be located and
identified whereafter background is subtracted and the data are normalized.
Normalized data can be further organized in a biologically meaningful way. Finally, the
data need to be verified with an independent method, e.g. quantitative PCR or northern
hybridization.
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Figure 4. A figure presenting an overview of the principle of microarray hybridization using a
two-dye microarray platform.
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MICROARRAY EXPERIMENTAL SETUP
Generally, experiments are planned and performed in order to test a hypothesis but
microarray experiments are usually hypothesis seeking (Clarke and Zhu, 2006).
Experimental design is one of the most fundamental steps in microarray experiments.
Microarrays can be categorized according to either the technical design or the method
of addressing the biological question. In the biological context, three different types of
experiments can be identified firstly, marker gene discovery, secondly biological gene
discovery and thirdly gene function discovery (Richmond and Somerville, 2000). Gene
discovery is hypothesis seeking while gene function discovery is hypothesis testing.
Technically, using two-dye platform, there are two ways to perform a microarray
experiment. The first is a comparison between two lines (e.g. mutant and wild type) or
a comparison of treated to untreated. The second is a more advanced multiple
comparison, including several time points or developmental stages (Schnable et al.,
2004).
Further, regardless of how the biological question is addressed, three different
kinds of designs can be applied to two-dye platform; a direct, a loop or a reference
design (Figure 5; Churchill, 2002; Oleksiak et al., 2002). In the most basic experiment
type, two conditions are compared to each other directly. In cases where multiple
conditions are analysed, either the loop design or the reference design can be applied.
The disadvantage of the loop design is that new conditions cannot be added later
whereas the advantage of this approach is that it is statistically more powerful
(Tuimala, 2005a). However, in order to gain statistical power, hybridizations need to be
good in quality, and one bad hybridization increases the error variance (Tuimala,
2005a).
In the reference design, samples are usually compared to a common reference that
should be easy to access, homogenous and stable over time (Churchill, 2002). Two
kinds of reference samples can be used; a common reference or a pooled reference.
The advantage in the use of the pooled reference sample is that for every spot giving a
signal in the sample channel, there is also a signal in the reference channel. This
avoids the problem of missing values that affect the data analysis (De Brevern et al.,
2004). Two kinds of missing values can be found: empty spots and cases where
background intensity is higher than spot intensity (Tuimala, 2005b). It has been found
that more than 60% of the genes in datasets contain at least one missing value. A
disadvantage of the pooled reference sample design is that the sample is compared
against a biologically irrelevant sample dedicating 50% of the hybridizations for controls
instead of producing data (Townsend, 2003). Because the loop design is sensitive to
the quality of hybridizations and new samples cannot be added later, the reference
design in practice is preferred.
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sample 4 sample 2
sample 1
sample 3
sample 1 sample 2 sample 3 sample 4
Reference sample
A B
Figure 5. A schematic representation of A) a loop design and B) a reference design including
four different samples representing different time points or developmental stages applied to two-
dye platform. The reference design allows adding samples later whereas the loop design is a
closed design.
Replicates
After the experiment type is decided, the number of replicates should be considered in
order to control the variation in hybridizations. Two types of variation can be separated,
technical and biological variation. Biological variation is due to genetic or environmental
factors, while technical variation comes during sample preparation (Churchill, 2002).
The biological variation can be divided into intra-sample and inter-sample components,
of which the former includes micro-environmental differences within the sample and the
latter macro-environmental variation (Clarke and Zhu, 2006).
 Both technical and biological replicates should be included in the experimental
design. Because the biological replicates always include technical replicates whereas
technical replicates do not necessary include biological replicates, biological replication
is more important (Liang et al., 2003). Biological replication estimates the biological
variation for statistical analysis and broadens the generality of the data (Clarke and
Zhu, 2006). Technical experiments should include dye-swap hybridizations where the
dyes are reversed in samples in order to control the variation coming from dyes.
Correlation of duplicate spots on the same array can be as high as 95% while in
different arrays correlation is 60-80% and even lower if the dyes are swapped
(Churchill, 2002).
The number of replicates required for a reliable microarray analysis varies from 3 to
15 (Foster et al., 2002; Pavlidis et al., 2003). It has been suggested that 5 biological
cases per group would be optimal (Allison et al., 2006). It is of common interest to
lower the number of replicates as much as possible because of the cost of microarray
studies. Pooling is also a good method to reduce the number of slides (Peng et al.,
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2003; Kendziorski et al., 2005). Still, it is clear that the pooling should be of subgroups
so biological replicates are still included. Kendziorski and colleagues (2005) have
shown that the number of samples in a pool decreases the biological variability, but
without biological replicates the biological variation remains unknown.
Data analysis
Since microarray technology was introduced, it has raised an increasing number of
issues related to how the data should be interpreted. Microarray data-analysis issues
have been a great source for bioinformatics to develop better methods and software.
Microarray data analysis can be divided into two parts, of which the first is data
preparation and processing and the second is candidate gene identification and
biological interpretation (Clarke and Zhu, 2006).
During the first part, the raw data in gray scale TIFF files is quantified. From these
images, spots are located and identified, and also the background is subtracted. After
data has been quantified, it needs to be processed. Further processing always includes
normalization. The aim of normalization is to minimize variation due to technical factors
and to standardize the arrays that are used for one experiment (Oleksiak et al., 2002;
Quackenbush, 2002; Leung and Cavalieri, 2003).
In the second part of the data analysis, data should be organized in order to find
biologically relevant information. Data organization can be done in many ways. In
multiple condition experiments it is often useful to perform a cluster analysis. In a direct
comparison, data can be mined using statistical analysis and/or fold-changes as
criteria.  Considerable effort has been put into developing more accurate methods for
statistical analysis of differentially expressed genes in multiple comparisons.
Multiple comparisons should be designed so that they control the Type-I Family-
Wise Error Rate (FWER) (false positives by chance). Traditional methods, e.g.
Bonferroni correction, control FWER by controlling the false positive rate under all
possible configurations. The aim of Bonferroni correction is to obtain a set of positives
where the chance for a single false positive is below the chosen level of significance
(e.g. 0.05). The problem in the use of the Bonferroni method is that it reduces the
power of the statistical test by increasing the number of false negatives (Type II errors)
(Bland and Altman, 1995; Nakagawa, 2004). In multiple comparisons, this leads to a
rejection of significant data and real differences will be missed which is an undesirable
outcome. In a typical microarray experiment, a certain number of false positives is
acceptable, if their proportion is low and can be controlled. In multiple comparisons it is
therefore more powerful to test for false positives among those that have been selected
as significant.
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The False Discovery Rate (FDR) is a widely accepted method to correct the
statistical tests in multiple comparisons by controlling the number of false positives in a
large-scale data analysis (Benjamini and Hochberg, 1995; Reiner et al., 2003; Pawitan
et al., 2005a, b; Ploner et al., 2006). FDR adjusts the p-values so that the number of
false positives among differentially expressed genes can be estimated. The FDR
values directly reflect the rate of false positives among the significantly differentially
expressed genes instead among all the performed t-tests, as in the case when only p-
values are used.
Verification
To obtain trustworthy results, verification with alternative methods, for example
northern blots or real time reverse transcription PCR (RT-RT-PCR) needs to be done.
However, there is no consensus on how many genes need to be checked with an
alternative method.
Most often, RT-RT-PCR is used for verification. RT-RT-PCR is a method with a
high dynamic range for analysing the quantity of mRNA. RNA is reverse transcribed
and amplified with specific primers together with using the unspecific fluorescence dye
SYBRgreen is used to monitor amplification. Other methods for detection are available.
The biggest challenge with RT-RT-PCR is to find a good reference sample against
which the expression of the samples can be normalized. For this purpose, studies to
validate housekeeping genes have been performed (Dheda et al., 2004).
RT-RT-PCR has been found to be more sensitive than microarray analysis
generally and expression patterns using both methods correlate well (Czechowski et
al., 2004). Dallas et al. (2005) concluded that there was generally a high correlation
between RT-RT-PCR and microarray data, with a correlation coefficient of 0.89 from 48
genes. A study of 1400 arabidopsis transcription factors revealed that many of the
detected transcripts were not present in the EST or MPSS collections (Czechowski et
al., 2004). This shows that the real-time PCR is a highly sensitive method to detect rare
and low expressed transcripts and it can also be used as a complementary method to
sequencing based methods in gene discovery.
MIAME
Minimum Information About a Microarray Experiment (MIAME) includes standardized
guidelines of how much information is needed to perform microarrays in a repeatable
and comparative way (Brazma et al., 2001). It consists of two main sections, array
design description and gene expression experiment description (Brazma et al., 2001;
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Gobert et al., 2005). Most journals as well as public databases require that microarray
experiments are constructed according to the MIAME standards in order for the results
to be considered reliable. Still, there are some issues that the MIAME does not take
into account. First, there are inconsistencies between the different platforms and it is
not possible to compare data between platforms (Drachici et al., 2005). Moreover, the
same platforms used in different laboratories seem to give different results even if the
same RNA is used (Irizarry, 2005; Larkin et al., 2005). These inconsistencies indicate
that proper evaluation and experimental understanding of the microarray procedure is
still needed (Shields, 2005).
META-ANALYSIS OF MICROARRAY EXPERIMENTS
In a microarray meta-analysis, data from multiple microarray hybridizations are
combined and similarly expressed genes are clustered across different experiments.
Combining data from diverse experiments, done in different organisms, using varying
platforms, have raised at least three types of challenges which Moreau et al. (2003)
have listed in the following way: 1) efficient access to the microarray data and
exchange of it, 2) validation and comparison of data from different platforms and 3)
integrated statistical analysis of multiple data sets.
Despite the problems of co-expression analyses using multiple microarray
experiments, analyses have given valuable information of the functions of co-
expressed transcripts. With the analysis of 60 diverse human microarray datasets Lee
et al. (2004) concluded that co-expression patterns were reproducible and seemed to
be functionally relevant. Still, it must be remembered that co-expression does not
always mean co-regulation (Yanai et al., 2006). A study of co-expression and
regulation across 611 microarrays concluded that the correlation coefficients between
expression profiles of two genes needed to be higher than 0.84 in order for them to
share common transcription factors (Allocco et al., 2004).
GERBERA HYBRIDA AS AN EXPERIMENTAL SYSTEM
Gerbera hybrida belongs to the sunflower family (Asteraceae) of flowering plants and
has been used for flower developmental studies for more than a decade. Other
common models of the sunflower family are sunflower (Helianthus annuus), lettuce
(Lactuca sativa), zinnia (Zinnia elegans) and senecio (Senecio vulgaris). Gerbera is a
diploid hybrid between wild species G. jamesonii and G.viridifolia which grows in South
Africa (Hansen, 1999; Teeri et al., 2006).
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The gerbera inflorescence is composed of hundreds of flowers that are organized
into a flower head, the capitulum. Gerbera flowers can be divided into three types,
outermost ray, intermediate trans and centermost disc flowers (Figure 6). The flower
types differ morphologically from each other. Ray and trans flowers are female in which
stamens develop as non-functional staminoids. Smaller disc flowers are hermaphrodite
having both stamens and carpels. In gerbera, sepals are specialized into pappus
bristles which are hair-like structures functioning in seed dispersal. Furthermore, three
of the five petals in ray flowers are fused together while two remain as rudimentary. In
contrast, in disc flowers petals stay separate making the flower more radially
symmetrical. Early flower development initiates in a similar way in all flower types and
they can be distinguished only by their position in the inflorescence.
The advantage of gerbera as a model lies in the fact that questions related to
complex flower structures cannot be approached with the traditional model species
such as arabidopsis, snapdragon or petunia. These structures are, for example, flower
type differentiation or development of organs such as staminoids or pappus bristles. In
addition, the gerbera inflorescence is large in size giving practical advantages in
sample collection. For example, it is possible to dissect the first stages of developing
flower primordia under the stereomicroscope for RNA isolation. This makes gerbera a
good model for the large scale comparative studies of gene expression presented in
this thesis.
EST and microarray analysis can be used as tools to predict and identify new
genes and regulatory complexes involved in flower development. New hypotheses can
further be tested using traditional tools of molecular biology which are available for
gerbera. In gerbera, development of an Agrobacterium-mediated transformation
method has been utilized to produce transgenic plants in order to study phenotypic
effects of genes using a transgenic approach (Elomaa et al., 1993; Elomaa and Teeri,
2001). Genes have been introduced both in sense and antisense orientation to
overexpress or downregulate, respectively the studied genes (Yu et al., 1999;
Kotilainen et al., 1999 and 2000). Gerbera is a heterozygous and outcrossing species
which makes the use of forward genetics with mutant screens impossible. The tools
presented in this thesis will benefit gerbera research by giving a tool to analyse also the
genetic modifications in "natural mutants" available for gerbera and to formulate new
models related to flower development.
25
Figure 6. The gerbera inflorescence consists of hundreds of flowers that can be divided into
three types; ray, trans and disc flowers. The flower types differ from each other morphologically
in size, symmetry and sex determination. Female ray flowers are the largest while the
hermaphrodite disc flowers are the smallest and more radially symmetrical than the ray flowers.
FLOWER ORGAN IDENTITY: THE ABCDE-MODEL
In the flower, flower organs are organized in concentric rings called whorls; sepals in
whorl 1, petals in whorl 2, stamens in whorl 3 and carpels in whorl 4. At the beginning
of the 1990s, studies made with arabidopsis and snapdragon led to the well-known
ABC-model which describes the gene activities needed to define flower organ identities
in different whorls (Figure 7; Bowman et al., 1991; Coen and Meyerowitz, 1991; Weigel
and Meyerowitz, 1994). In a combinatorial way, the A-class genes define sepals, A and
B together petals, B and C stamens and C carpels. Additionally, A and C-class genes
are antagonistic. In the absence of C-class genes, A-class genes function throughout
the flower and in the absence of A-class genes, C-class genes function all over the
flower. Since the ABC-model was first introduced, it has been applied to many
angiosperm species, including model systems such as petunia and gerbera as well as
to the economically important monocot species as rice and maize (Ambrose et al.,
2000; Fornara et al., 2003; Immink et al., 2003; Teeri et al., 2006).
Studies with petunia have expanded the ABC-model with D-function genes needed
for ovule development. Furthermore, E-function genes needed for flower organ and
meristem identity on all floral whorls have been identified (Immink et al., 2003; Jack,
2004; Buzgo et al., 2005). The A, B and C function genes all encode MADS-box
transcription factors, except one A-class gene APETALA2 (AP2) which encodes a
member of a small plant-specific family of transcription factors (Okamuro et al., 1997,
Riechmann and Meyerowitz, 1998). In arabidopsis, there are more than 100 different
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MADS-box genes (Alvarez-Buylla et al., 2000; De Bodt et al., 2003; Parenicova et al.,
2003).
In arabidopsis, the A-function genes APETALA1 (AP1) and AP2 have, in addition to
defining sepal and petal identity, a regulatory role in flower meristem identity during
early floral development. They are later needed for organogenesis on whorls 1 and 2
(Irish and Sussex, 1990; Bowman et al., 1993). Functions of A-class genes vary in
different species but they usually have at least a role in defining meristem identity
(Chuck et al., 1998; Maes et al., 2001).
The arabidopsis B-class MADS-box genes, APETALA3 (AP3) and PISTILLATA (PI)
or their snapdragon homologues DEFICIENS (DEF) and GLOBOSA (GLO), define
petal identity together with the A-class genes (Tröbner et al., 1992; Riechmann et al.,
1996). Together with the C-function genes, AGAMOUS (AG) in arabidopsis, or PLENA
and FARINELLI in snapdragon, they define stamen identity.
The D-function genes (FBP7 and FBP11) needed for ovule identity have been
identified in petunia (Colombo et al., 1995). Mutations in these genes cause
transformation of ovules to carpel-like structures. The arabidopsis homologue to FBP11
is SEEDSTICK (STK), which together with two closely related genes,
SHATTERPROOF1 (SHP1) and SHP2, are also needed for ovule identity (Favaro et
al., 2003; Pinoypich et al., 2003).
Floral regulatory genes, later defined as E-function genes, were first identified in
petunia and tomato (Pelaz et al., 2000, 2001). In arabidopsis, three MADS-box genes
of this phylogenetic clade are redundantly required for specification of petals, stamens
and carpels (Pelaz et al., 2000). The genes were named as SEPALLATA (SEP) genes
as the arabidopsis triple mutant sep1sep2sep3 flowers bear only sepals. In fact, the
fourth SEP gene is needed redundantly with the other three also for sepal development
(Ditta et al., 2004). In sep1/sep2/sep3/sep4 mutants all flower organs are replaced by
leaves (Ditta et al., 2004). The E-class genes in petunia, FBP2 and FBP5, have a
similar function as the SEP genes in arabidopsis in specifying petals, stamens, and
carpels, as well as floral determinacy (Ferrario et al., 2003; Vandenbusche et al.,
2003).
Recent studies have suggested that the MADS-domain proteins form higher order
protein complexes and regulate flower organ identity as tetramers (Honma and Goto,
2001; Theissen, 2001; Theissen and Saedler, 2001; Ferrario et al., 2003; Jack, 2004).
This has been deduced from protein-protein interaction studies using yeast two- and
three-hybrid experiments. Based on this quartet model, dimers of MADS-domain
proteins interact and form tetramers resulting in transcription complexes. Only limited in
planta evidence for these complexes is however available (Immink et al., 2002; Tonaco
et al., 2006).
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Figure 7. A schematic presentation of the ABC-model which describes the genes needed to
determine the flower organ identities.
THE ABCDE-MODEL IN GERBERA HYBRIDA
The highly conserved MADS-domains in the MADS-box gene-encoded transcription
factors have allowed relatively easy isolation and identification of the corresponding
genes in many plant species. In gerbera, cDNA library screens with heterologous
probes, the EST collection and RT-PCR with MADS-specific primers have uncovered
about twenty MADS-box genes. Phylogenetic analyses of MADS-box genes from
different species have shown that those with similar function in the ABC-model group
together (Doyle, 1994; Purugganan et al., 1995). This has made it possible to predict
the function of new MADS-box genes based on their nucleotide sequence.
The first isolated gerbera MADS-box genes were functionally predicted as A-, B-
and C-function genes using phylogenetic analysis (Yu et al., 1999). Typically,
expression of MADS-box genes is restricted to the organs where they function, and the
gerbera genes were studied by expression analysis in the inflorescence primordia.
Finally, a transgenic approach was used to understand their function in flower
development. Up to date, eight gerbera MADS-box genes have been functionally
characterized using this transgenic approach.
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The gerbera gene GGLO1 had a similar expression pattern to Antirrhinum GLO and
arabidopsis PI, both of which are B-function genes. Overexpression of GGLO1
converted pappus (sepals) into petals and carpels into stamens (Yu et al., 1999).
Together with phenotypes of antisense lines, this defined GGLO1 as a B-function gene
in gerbera (Yu et al., 1999). Another gerbera MADS-box gene, GDEF2,
phylogenetically close to the arabidopsis and snapdragon B-function genes, AP3 and
snapdragon DEF, had a similar expression pattern and transgenic phenotypes as
GGLO1 and was concluded to be the second B-function gene in gerbera.
Two gerbera MADS-box genes, GAGA1 and GAGA2, were most similar to the C-
class genes in arabidopsis and snapdragon. Overexpression of GAGA1 and GAGA2 in
gerbera resulted in transformation of petals to stamen-like structures as well as
changes in whorl 4. This suggested that gerbera GAGA1 and GAGA2 were C-class
genes defining stamen and carpel identity at whorls 3 and 4 (Yu et al., 1999).
In gerbera, the GRCD-clade of MADS-box genes corresponded to the E-function
SEPALLATA genes of arabidopsis. Two gerbera GRCD-genes, GRCD1 and GRCD2,
have been analysed in detail. Antisense expression of GRCD1 converted ray flower
staminoids into petal-like structures and participates in defining organ identity on whorl
3. GRCD2 was needed for defining carpel identity in whorl 4, demonstrating that
instead of redundancy (as in arabidopsis), the gerbera SEP-like genes show
subfunctionalization (Uimari et al., 2004). In addition, GRCD2 altered inflorescence
architecture. Transgenic plants with repressed GRCD2 expression had an
indeterminate inflorescence (Uimari et al., 2004). The current model of the gerbera
MADS-box genes is presented in II.
REGULATION OF FLOWER ORGAN IDENTITY GENES
Expression of most flower organ identity genes is restricted to places where they
function and is regulated by many different mechanisms, both at the transcriptional
level as well as post-transcriptionally (Jack, 2004). The most common way to regulate
gene expression is by transcription factors that repress or induce the expression of
target genes. The arabidopsis genome has been estimated to have more than 1700
transcription factors (5% of the genes), from which only one tenth have a known
function (Riechmann and Ratcliffe, 2000). A real-time PCR study, which profiled 1400
arabidopsis transcription factors showed that most of them (87%) were detectable and
expressed in some cells (Czechowski et al., 2004). The fact that all are not present in
MPSS or EST collections indicates their low expression levels. The transcription factors
in turn are regulated by other transcription factors. They often act in complexes that
regulate gene expression differently in different combinations and form regulatory
networks.
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Regulation by other genes
In arabidopsis, the restricted expression of the flower organ identity genes is controlled
by flower meristem genes. LEAFY (LFY), which together with AP1, specifies flower
meristem identity, regulates initiation of expression of the A, B and C-class genes
(Weigel and Meyerowitz, 1993; Parcy et al., 1998). LFY is expressed throughout the
young flower primordia and by interacting with co-factors that have more restricted
expression patterns, regulates the expression of downstream organ identity genes.
One co-factor, WUSCHEL (WUS), important in maintaining the identity of shoot
apical meristem, limits the expression of AG to the center of the floral meristem
(Lenhard et al., 2001; Lohman et al., 2001). Interestingly, AG in turn downregulates
WUS causing termination of meristematic activity in the center of the flower (Lohman et
al., 2001). Additionally, the LFY co-factors UNUSUAL FLOWER ORGANS (UFO) and
AP1 activate the expression of the B-function gene AP3 in the second and third whorls
(Levin and Meyerowitz 1995; Wilkinson and Haughn, 1995; Lee et al., 1997; Ng et al.,
2001). In arabidopsis, LEUNIG and SEUSS, in combination with AP2, restrict
expression of AG in the first two whorls and in this way regulate the expression of the
C-class genes (Conner and Liu, 2000; Franks et al., 2002). Furthermore, in
snapdragon STYLOSA (STY) and FISTULATA (FIS) negatively regulate expression of
the C-class genes (Motte et al., 1998). Espinosa-Soto et al. (2004) have summarized
these interactions into a regulatory network model and studied its properties in silico.
Flower organ identity genes are regulated by HUA1, HUA2, HEN2 and HEN4
genes, which establish floral determinacy by processing AG mRNA (Jack, 2004; Krizek
and Fletcher, 2005). HUA1 was cloned first and identified to encode a nuclear RNA-
binding protein (Li et al., 2001). HEN2 encodes an RNA-helicase and is also suggested
to regulated B-function genes AP3 and PI (Western et al., 2002). HUA and HEN genes
act in complexes which are not specific for the AG pathway but are possibly involved in
RNA processing in all genes (Jack, 2004). HEN1 encodes a protein that is similar to
the DICERLIKE1 (DCL1) gene that plays a role in miRNA production.
MicroRNA regulation
MicroRNAs (miRNAs) play a central role in posttranscriptional regulation of gene
expression in many developmental processes, including flower development. They
have been estimated to regulate 8% of the genes posttranscriptionally (Lee et al.,
2006). miRNAs are small RNAs (21-23 nucleotides) (reviewed by Ambros, 2001;
Bartel, 2004). In addition to miRNAs, there is another distinct group of small RNAs,
called the small interfering RNAs (siRNAs), first discovered from transgene or virus-
mediated RNA silencing in plants (Hamilton and Baulcombe, 1999). siRNAs are part of
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the virus-induced silencing mechanisms while miRNAs regulate gene expression by
interacting with the target mRNAs (Ambros, 2001; Reinhart et al., 2002; Moissard and
Voinnet, 2004).
In animals, most of the identified miRNAs regulate expression by repressing
translation, while in plants gene expression is usually disrupted by cleavage of the
transcript of the target gene (Carrington and Ambros, 2003; Millar and Waterhouse,
2005). In animals, miRNAs directly control one third of all genes, but it is considered
most likely that they regulate in some ways the expression of the whole genome
(Brennecke and Cohen, 2003; Farh et al., 2005; Krek et al., 2005).
Interestingly, some of the organ identity genes have been found to be under
regulation of miRNAs. In arabidopsis, miRNA172 regulated AP2 gene expression by
repressing its translation. Overexpression in arabidopsis led to changes in floral organ
identity (Aukerman and Sakai, 2003; Chen, 2004). The HUA and HEN genes described
above are part of this miRNA172-mediated mechanism of regulation. Recently, the
members of microRNA family miRNA159 were found to be targeted to the transcription
factors MYB33 and MYB65 regulating anther development (Millar and Gubler, 2005).
MYB proteins bound to the promoter of LEAFY, which in turn regulates flower meristem
identity and expression of A, B and C-class homeotic genes (Rhoades et al., 2002;
Achard et al., 2004).
In addition to direct regulation of organ identity genes, miRNAs regulate
organogenesis. miRNA164 regulates NAC-domain encoding genes, including the
transcription factor encoding genes CUC1 and CUC2. Downregulation of miRNA164
resulted in multiple changes in development including one to four extra petals and one
or two missing sepals (Mallory et al., 2004). Constitutive expression, on the other hand,
resulted in fusions of floral organs.  There are also suggestions that miRNA166 family
of microRNAs binds to the class III HD-ZIP genes which are involved in abaxial identity
of lateral organs and meristem development in arabidopsis (Engström et al., 2004;
Juarez et al., 2004). Squamosa promoter binding proteins (SPB), another class of
plant-specific transcription factors, were found to be target proteins for miRNA156
family of miRNAs (Bartel, 2004; Yamasaki et al., 2004). It is apparent that regulation of
genes involved in flower development is in many cases under miRNA regulation.
Microarray analysis of miRNAs has shown that some of them may regulate several
target mRNAs (Lim et al., 2005). A search for microRNAs in different plant EST
collections revealed that they are found throughout the plant kingdom, indicating that
they are conserved in plants (Zhang et al., 2006). Altogether approximately one
hundred miRNAs have so far been cloned from arabidopsis, but it has been estimated
that there may be more than a thousand of them (Xie et al., 2005). In plants, miRNAs
are not as numerous as in animals, but they regulate a large number of processes by
forming regulatory networks (Mallory and Vaucheret, 2006). In the future, it will be a
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very challenging task to understand how microRNAs function in the regulation of flower
development.
ORGAN MORPHOGENESIS
After flower organs have acquired their identity, they go through morphogenesis during
which they obtain their final size and shape. Organ morphogenesis in plants differs
from that in animals by being a continuous and post-embryonic process (Gutierrez,
2005). It is mainly regulated by cell division and growth (Jacobs, 1997). The growth of
the organs involves directed cell division and cell expansion. Plant cells take specific
fates by responding to the environmental, developmental and hormonal signals. In
recent years, considerable effort has been made to identify the hormone receptors,
which has shed light on the link between hormones and genetic regulation (Chang and
Stadler, 2001; Inoue et al., 2001; Ueguchi-Tanaka, 2005; Razem, 2006). It is
conceivable that the organ identity genes regulate other genes needed for later
morphogenesis, but not many target genes of the organ identity genes have been
identified yet.
Differential screenings have revealed two target genes of the B-class organ identity
genes, the NAP gene in arabidopsis and MIXTA in snapdragon. NAP encodes a NAC-
like transcription factor and was isolated as a target gene of the B-function genes
AP3/PI (Sablowski and Meyerowitz, 1998) while MIXTA encodes a MYB-domain
transcription factor required for complete cell division in petal epidermis (Martin et al.,
2002). MIXTA is needed for the formation of conical cells in petal epidermis after the
cells have divided. It also has a function in trichome formation. Martin et al (2002)
suggested that the two functions could be time-dependent. They also showed other
MIXTA-like genes with time-specific expression patterns in development.
Microarrays have been utilized in order to find target genes for the different MADS-
box genes. PI and AG were compared to a wild type and found to have a very specific
function between reproductive organs and organs of the perianth (Wellmer et al.,
2004). Bey et al. (2004) studied petal development by analysing genes that were up-
and downregulated in petals of snapdragon DEF-mutant plants using macroarray
analysis. Most of the genes that showed altered expression in the mutant plants were
involved in basic cellular processes, such as lipid metabolism and cell wall synthesis,
or were stress induced genes.
The DELLA-like transcription repressors have been identified as central regulators
of organogenesis (Achard et al., 2006) and other candidates for regulators have been
found. DELLA-proteins are gibberellin-induced. Auxin has also been suggested to act
in a regulatory manner in the developing roots and petals. It is clear that the hormonal
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signals indeed regulate organogenesis, but it remains unclear what these signals are
and how they regulate growth.
Organogenesis can be observed as modifications in the cell walls. Different large-
scale studies have been performed in order to understand how the cell wall
composition changes during growth (Yokoyama et al., 2004; Beemster et al., 2005;
Imoto et al., 2005). For example in petunia petals, downregulation of the gene
encoding the cell wall protein expansin causes phenotypic changes in petal limbs
(Zenoni et al., 2004). In addition, growth patterns in petunia petals have been studied
using computational methods (Reale et al., 2002; Rolland-Lagan et al., 2003; 2005). In
gerbera, the petal is a good model because of its large size and anatomical simplicity.
Petal growth in gerbera is well characterized and a marker gene for petal opening,
GEG1, has been identified. These features make petals a good model for studies of
later organogenesis in gerbera.
LARGE-SCALE ANALYSIS OF FLORAL TRANSCRIPTOME
EST sequencing and microarray analysis have been used to identify genes involved in
flower development in many different species. The first large scale study in which the
floral transcriptome was analysed was eight years ago in arabidopsis (Table 1, Ruan et
al.,1998). Since then, the large scale analysis of the floral transcriptome using EST
sequencing or microarray analysis has been widely applied in many plant species.
Recently, a complete gene expression map of arabidopsis development was published
(Schmid et al., 2005). Altogether 79 samples, from different flower organs and
developmental stages, were hybridized using arabidopsis complete genome
microarrays. This comprehensive analysis is a step closer to an understanding of the
regulatory networks that are needed at a transcriptional level during flower
development.
In addition to the studies summarized in Table 1, there is a large effort to collect
and compare the floral EST collections of different plant species in the Floral Genome
Project (FGP; http://fgp.bio.psu.edu/fgp/). The initial aim of the FGP was to study floral
genomics of arabidopsis, snapdragon and rice and around 10 000 ESTs were planned
to be sequenced (Floral Genome Project Research 2002). Today, the FGP includes
hundreds of species, including gerbera, and the main aim is to study evolutionary
functional genomics and investigate how flowers have evolved. The FGP was initiated
to fulfil the genomic gap between the common and less common model species (Albert
et al., 2005).
Another large-scale EST sequencing project is the Compositae (Asteraceae)
Genomics Project (CGP; www.http://compgenomics.ucdavis.edu), which has generated
EST databases for two species of the Asteraceae family, lettuce (Lactuca sativa) and
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sunflower (Helianthus annuus). The second part of the CGP aims to sequence
additional five Lactucae species and 12 species from Helianthus, Cichorium,
Carthamus, Centaurea and Taraxacum. The ESTs can be then used to compare the
expression level of the candidate genes. Furthermore, the EST database will be
compared to the arabidopsis genomic sequence to study differences between species
and to conduct QTL analyses to find candidate genes for the domestication traits.
Comparative studies of floral transcriptomes in different species allow us to gather,
combine and analyse data. This will take us closer to an understanding of the
transcriptional mechanisms behind different aspects of flower development which will
make it possible to apply the data to economically interesting species. Furthermore,
transcription data of genes expressed in flowers will be a great resource to study
evolution of flowering plants.
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Table 1. Summary of other large-scale studies of the floral transcriptome (study presented in
this thesis (I) is not included).
Plant species Organ Experiment description Method Reference
Arabidopsis thaliana leaf, flower Expression profiles of 1400 genes
of different flower organs were
analysed.
1.4K microarray Ruan et al., 1998
Arabidopsis thaliana leaf, flower bud 1587 genes were sequenced from
floral cDNA libraries and a 6.4K
cDNA microarray was constructed
and utilized.
Subtracted
libraries and
microarray
Hu et al., 2003
Arabidopsis thaliana pollen Analysis of genes involved in pollen
germination and tube growth
8K GeneChip,
Affymetrix
Becker et al., 2003,
Arabidopsis thaliana pollen Identification of 992 pollen-specific
transcripts.
8K GeneChip,
Affymetrix
Honys and Twell, 2003
Arabidopsis thaliana early flower
development
Identification of genes in three
stages of flower and fruit
development.
 ATH1 (22K)
GeneChip,
Affymetrix
Hennig et al., 2004
Arabidopsis thaliana anthers Analyses of 52 anther-specific
genes were identified using 2.8K
microarray.
2.8K macroarray
of Brassica
oleracea
Amagai et al., 2003
Arabidopsis thaliana Diverse organs
and
developmental
stages
79 samples were hybridized in
order to make a complete gene
expression map of Arabidopsis
development
ATH1 (22K)
GeneChip,
Affymetrix
Schmid et al., 2005
Lotus japonicus flower bud 919 ESTs were sequenced from
immature flower bud cDNA library
EST sequencing Endo et al., 2002a
Lotus japonicus anther, pistil Reproductive organ-specific genes
were identified by comparing them
to leaf sample.
4K cDNA
microarray
Endo et al., 2002b
Medicago truncatula flowers, bud Eight developmental stages of
flower buds were compared to leaf .
EST sequencing,
8K microarray
Firnhaber et al., 2005
Brassica campestris
(Chinese cabbage)
flower bud 1216 ESTs were sequenced form
the flower bud cDNA.
EST sequencing Lim et al., 1996
Prunus dulcis Mill.
(almond)
pistil In order to analyse genes
expressed during pistil
development, 1000 clones from
pistil cDNA libraries were
sequenced
EST sequencing Jiang and Ma, 2003
Saccharum spp.
(sucarcane)
flower 1000 flower-specific genes were
identified from the sugarcane EST
libraries including 260 000
independent clones (SUCEST
database).
EST sequencing Figueiredo et al., 2001
Lycopersicon
esculentum Mill.
(tomato)
petal, stamen 650 petal and stamen-specific
genes were sequenced in order to
study genes involved in late stages
of flower development.
EST sequencing Chmelnitsky et al., 2003
Rosa chinensis cv.
Old Blush (rose)
petal 1794 rose petal clones were
sequenced.
EST sequencing Channelière et al., 2002
Senecio flower Anonymous microarrays were used
to study changes in floral
transcriptome during allopolyploid
speciation.
anonymous cDNA
microarrays
Hegarty et al., 2005
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2 AIMS OF THE STUDY
The general aim of this study was to develop a high throughput tool in order to identify
novel genes involved in flower development. These genes can be used to build new
hypotheses which can be tested using a transgenic approach. For gene identification,
an EST collection needed to be built up and then used as source material for the
construction of a cDNA microarray. Conditions for successful microarray hybridization
were to be optimised in such a way, that the technique could be used routinely in the
Gerbera Laboratory. In the experimental designs used, the aim was to utilize the
uniqueness of gerbera among more commonly used model species. Expressional
differences between ray and disc flowers were analysed in order to identity genes
involved in the flower type differentiation, which is a question that cannot be
approached using the traditional model species with only single kinds of flowers in their
inflorescences. The large size of gerbera petals was used to advantage in the
identification of the genes involved in petal organogenesis.
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3 MATERIALS AND METHODS
The materials and methods, described in detail in the respective publications, are listed
in Table 2. Table 3 lists the software that has been used in this study. Other materials
and methods, which have not been used in the three publications, are described in
detail. In the last section, accession numbers for the data presented are provided.
Table 2. Methods used in publications I, II and III.
Table 3. Software used in publications I, II and III.
Software Publication
GeneSpring 7.2 I, II, III
QuantArray 2.0 I,II
GenePix Pro I, II, III
Primer design I, II, III
ABIPrism7000 SDS I, II, III
Microsoft Excel I, II, III
Method Publication
Construction of microarrays I
cDNA library construction I
EST annotation I
Gel electrophoresis for probes I
High-throughput plasmid isolations I
Total RNA isolation I, II, III
Poly(A) RNA isolation I, II, III
RNA amplification I, II
Lab-on-a-chip II
Microarray hybridization I, II, III
Microarray probe labelling I, II, III
Microarray data analysis I, II, III
PCR primer design I, II, III
Real time RT-PCR I, II, III
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ANALYSIS OF REPEATABILITY
Similarity of technical and biological replicates was investigated by calculating standard
correlation coefficients. Mathematically, standard correlation is similar to Pearson
correlation, but it measures the angular separation of expression vectors around zero
instead of around one. Coefficients for technical replicates were calculated as mean
values of all correlations. Biological replicates were compared directly using standard
correlation.
MICROARRAY ANALYSIS OF CVS. IVORY AND ESTELLE
Ray flower stages 4 and 6 were collected and total RNA was isolated using Trizol
reagent (Invitrogen). Poly(A)RNA was isolated using Nucleotrap mRNA Isolation Kit
(Applied Biosystems). Two biological replicates were kept separately. Poly(A)RNA (3.5
µg) was used as a material for target labelling. Labelling, hybridization and scanning
were done according to publication I. Data comparisons were done in three different
ways. First, only different p-values were used as criteria for differential expression;
second, p-values corrected with FDR (0.05; 0.1; 0.3; 0.5) were used; finally, only fold-
changes 1.5 and 2 were use as a limit. The number of genes in the resulting gene lists
was presented in an Excel file.
VOLCANO PLOTS
Volcano plots were produced using GeneSpring Bioscript Library 2.1. The two channel
volcano plot represents the fold change (log-scale) on the x-axis of a two-dimensional
scatter plot and p-value as -log(P) on the y-axis. This visualizes the relationship
between fold-change difference and statistical significance (p-value).
META-ANALYSIS OF TRANSCRIPTION RELATED GENES
Microarray data from studies I, II, III were combined in GeneSpring to form a single
experiment. A gene list, including genes annotated to the subgroup "transcription", was
generated. Statistical analysis for differential expression was done using p-values with
FDR<0.005. A one-way GeneTree clustering (GeneSpring 7.1) was used for GeneTree
construction. In an independent analysis of MADS-box genes, GeneTree clustering
was performed in two dimensions. In the first dimension, the probes were clustered
according to their expressional similarity in different conditions and in the second, the
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conditions were clustered according to their similarity in gene expression. The
GeneTree clustering algorithm uses standard correlation for the measure of similarity.
ACCESSION NUMBERS FOR THE SUBMITTED DATA
The gerbera EST database is publicly available at http://sputnik.btk.fi and at the Plant
Genome Network at http://www.pgn.cornell.edu.
The EST sequences have been submitted to EMBL Nucleotide Sequence Database
under accessions AJ750001-AJ766994.
Microarray results have been submitted to ArrayExpress, www.abi.ac.uk/arrayexpress.
The Array designs are submitted under accessions A-MEXP-82, A-MEXP-244 and A-
MEXP-249. Experiment designs are under accessions: E-MEXP-206 (flower vs. leaf),
E-MEXP-207 (flower organ comparison), E-MEXP-418 (disc vs. ray flower experiment)
and E-MEXP-578 (petal developmental series).
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4 RESULTS AND DISCUSSION
THE GERBERA EST COLLECTION (I)
Nine cDNA libraries from different flower parts and vegetative organs of gerbera were
made and inserts were single-pass sequenced from one end using robot assisted
colony picking and DNA sequencing (I). This resulted in 1146-3726 ESTs from each
library and altogether 16994 ESTs that grouped into 8098 different clusters (Table 4).
The number of singletons based on this annotation (cluster size = 1) was 5507 (68%).
The unigene set of ESTs does not directly reflect the number of different genes, as
some of the genes were presented in multiple unigene clusters. Closer annotation is
needed in order to reveal if these encode the same or different genes. The gerbera
EST collection was not saturated and did not represent a full set of gerbera genes. It
was nevertheless an average size collection, covering approximately a fourth of all the
genes in gerbera genome1. Generally, the ESTs were of high quality, with the average
length varying in different libraries from 291 to 526 bp (Table 4). The EST collection
represent for all different flower parts except the carpel. There were two pappus
libraries, one from cultivar Terra Regina with unpigmented pappus bristles and another
from cultivar Terra Nero, in which pappus bristles accumulate anthocyanin and appear
dark red in colour.
Comparison of gerbera ESTs to published sequence databases showed that 20%
of them were not found in other species, excluding short sequences and UTRs.
Interestingly, another 373 of the ESTs give hits only to the pooled collection of Asterid
ESTs, including Helianthus, Lactuca and Zinnia. Most of these sequences have an
unknown function.
EST libraries provide a possibility to perform virtual northern analysis where gene
expression profiles are studied based on their occurrence in the EST collection. Genes
that are highly upregulated are expected to have a high number of ESTs. This was
used to verify the results of the first microarray experiment, where flower- and flower
organ-specific genes were identified. Samples for microarray experiments were
collected in a similar way as for the EST libraries. Genes showing specific expression
for a certain flower organ according to the digital northern analysis correlated well with
the microarray results. This indicates that the EST data can be used to make
predictions of the gene expression profiles, even if the libraries are not sequenced until
saturation.
1 Estimation of the number of gerbera genes is based on the current understanding that nearly all
highert diploid eukaryote species have approximately 30 000 genes.
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The gerbera ESTs were both a resource for gene mining for specific transcripts and
a practical tool for making predictions about expression. In addition, the gerbera EST
collection was used as a source for constructing a cDNA microarray (I). This allowed us
to utilize the microarray in large-scale expressional studies and marked the start of the
era of transcriptomics in gerbera research.
Table 4. Distribution, number and length of gerbera ESTs in different cDNA libraries.
Library      # ESTs   # clusters
Mean sequence
length (bp)
Late petal 2442 1335 513
Young inflorescence 3726 2190 492
Botrytis infected whole inflorescence 1919 1202 355
Stamen 1818 1350 468
Leaf 1620 1160 482
Scape 1643 1249 391
Early petal 1169 947 526
Pappus cv. Regina 1511 1109 391
Pappus cv. Nero 1146 614 291
Total 16994 8098
THE GERBERA CDNA MICROARRAY (I, II, III)
The gerbera cDNA microarray was constructed in order to examine simultaneously the
expression of multiple genes represented in the EST collection. Different steps of the
microarray construction are presented in Figure 8, starting from the probe selection and
ending with data analysis and verification. A set of 9129 ESTs was first selected and
printed on glass slides (Figure 9A). The longest sequence from clusters with multiple
members was chosen. In addition, 54 gerbera cDNA clones isolated by traditional
means or studied previously were printed on the slides as well as 70 spiking controls.
ESTs printed on the slides presented the unigene set based on the clustering of the
ESTs. Distribution of the probes into functional classes is shown in Figure 9B. ESTs
were functionally classified using the AGI-functional classes developed for arabidopsis
(The Arabidopsis Genome Initiative, 2000) and by adding a class for lipid transfer
proteins (LTP). Almost 50% of the probes were novel unknowns (NU), which showed
no significant similarities in BLAST searches against sequence databases (I, Figure
9B). Additionally almost 10% of probes were functionally classified to have an unknown
function (i.e., identified in other species but without a functional assignment). In order to
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verify the identity of the printed probes, a portion of the PCR product for each probe
was resequenced.
This thesis presents data for seventeen different microarray comparisons in five
different experiments. Fifteen of these comparisons are presented in I, II and III, and
two are introduced in this thesis. In the first experiment, a sample from inflorescence
was directly compared to a leaf sample. In the second trial, different flower organs
(pappus hairs, stamen, petals in early and late stage of development and the floral
scape) were compared to a pooled reference sample (I). In the third experiment, three
different developmental stages of ray and disc flowers were directly compared to each
other (II), and in the fourth, six stages of petal development (2, 4, 6, 7, 8 and 9) were
compared against a pooled reference sample (stages 1-11) (III). The fifth experiment
presented in this thesis compares petals in two stages of development of two nearly
isogenic cultivars, Ivory and Estelle. Firstly, some technical issues related to these
experiments are presented and discussed, after which, the results are analysed from
the biological point of view.
100 µl glycerol
stock
96-well plates
cDNA libraries
100 µl H2O
PCR
Sequencing BLAST
Microarray production
Plasmid isolations
PCR
PCR purification Printing
Pretreatment
of the slides
UV-
crosslinking
Sample collection
Experimental design
RNA isolation
Labelling of the RNA
Hybridization
Data analysis
Validation of the
results
Biological
hypothesis
Picking of the clones
for microarray
Checking the
orientation of the
plates by corner
sequencing
Figure 8. A schematic representation of the different steps in gerbera cDNA microarray
construction from EST sequencing to data verification.
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54Known genes
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metabolism
energy
cell growth
transcription
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intracellular trafficing
cell structure
signal transduction
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other
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B
Figure 9. A) The content of the microarray and B) distribution of the microarray probes into the
functional categories based on EST annotation.
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Analysis of the novel unknown genes
In almost all of the experiments, the proportion of NUs among the differentially
expressed genes was around 50% (I, II, III), reflecting the proportion of NU probes
printed on microarray (Figure 9B). The fraction of NU in the EST collection was only
20% (I) but as most NUs are singletons, their proportion among the selected set of
sequences was high. This further implies that the NUs were not very highly expressed
in the organs used for construction of the cDNA libraries. In order to investigate the
expression profiles of the NU genes, and to gain insight into their nature as
representing true genes or sequencing artefacts, a specific analysis for this group of
genes was performed.
The NUs related to the flower were sorted based on their flower specificity in the
microarray experiments. In total, 4057 NUs were chosen for the analysis, and filtered
for those that showed statistically significant change in expression (p-value with
FDR<0.005) in at least one of the conditions. From the resulting 1019 genes, those
showing high expression in leaves were excluded and the remaining 635 genes were
clustered using GeneTree in order to get an overall image of the expression profiles of
the NU genes in floral organs or during flower development (Figure 10).
Surprisingly, most of the flower-specific NUs were not highly expressed in flower
organs with the most specialized functions, such as pappus bristles or stamens, but
instead during early and late stages of petal development. Two groups of the NU genes
were separated based on their expression profile in petals (Figure 10). The first group
was highly expressed from stage 6 to 9 in petal development while the other was
strongly downregulated from stage 7 to 9. This indicates that petal organogenesis
regulation involves a large number of genes whose functions are unknown. Moreover,
the organized expression pattern demonstrated that these novel unknowns were real
genes and likely to have a function in flower development. Many novel unknown genes
show differential expression in flower types, most of them being more expressed in disc
flowers than in ray flowers, but not in stamens which morphologically are the main
organ present in disc but not ray flowers.
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Figure 10.  GeneTree clustering of flower-specific novel unknown genes.
The number of expressed genes
The two-dye microarrays presented a ratio of the gene expressions from two conditions
without taking the intensity of the signal into an account. Observing the expression
ratios reduced the problems of the custom-made microarrays where the amount of the
DNA on single spots was not controlled and the spot morphology varied between
slides. Furthermore, individual probes hybridized to their targets with differing
efficiency, requiring a probe-wise standardization for absolute expression values to be
deduced. Nevertheless, the intensity of the raw expression values conveyed
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information regarding target concentration and could be used as an indicator of
transcriptional activity. The highest intensity value in a 16-bit TIFF image is 65 536.
Intensity values above this are considered as saturated and cannot be analysed.
 The number of expressed transcripts at different raw signal levels was relatively
similar in all experiments (Figure 11). The raw signal levels were calculated as average
signals of all replicates after subtracting local background. In the individual flower
organs, the lowest number of detected transcripts was in stamen samples. Since the
same amount of mRNA was used for hybridization, this indicates that the stamen had
the fewer genes expressed than the other samples. However, the number of detected
transcripts does not correlate with the transcriptional specificity; the stamen was found
to have many specific transcripts (I). Additionally, the number of expressed genes,
especially those that showed high signal intensity (>5000), increased during
development in both ray and disc flower comparisons and in petal development. This
reflects that more complex processes and biosynthetic activity occur later in
development.
Biosynthetic genes are often expressed at higher levels than genes with a
regulatory function. The overall percentage of the detected genes (signal intensity
>1500) ranged from 29% (flower stage 5) to 80% (petal stage 9). Mean percent of
detected genes was 55%. This is quite similar to arabidopsis where the proportion of
detected genes ranged from 55% to 67% in different petal developmental stages and
flower organs (Schmid et al., 2005). In gerbera, the highest single expression values
were detected in the leaf vs. flower comparison and the lowest values in individual
flower organs (Figure 11).
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Figure 11. The number of genes expressed at different raw signal intensities in experiments
combined from I, II and III.
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Repeatability (I, II, III)
For reliable microarray results, both technical and biological replicates are needed. The
biological replicates are experiments where the sample collection, the RNA extraction
and the hybridization are done independently. This is highly important in species with a
large natural variation between individual genotypes. In our case, the biological
variation was low because the experiments were conducted on a single clone. Thus,
the biological replicates cover changes in gene expression due to environmental
factors such as growing conditions or seasonal effects.
Correlations between all genes in technical replicates in the first experiments were
determined in order to monitor the repeatability of the hybridizations (I). Coefficients for
technical replicates were calculated as mean values of all correlations. Biological
replicates were compared directly using standard correlation coefficients. Overall, it
was found that the technical replicates correlated very well. The mean of the correlation
coefficients including eight technical replicates in the flower to leaf comparison was
0.72 and flower organ to reference comparisons was from 0.6 to 0.7 (I, Table 5).
Pearson correlation coefficients between technical replicates often vary from 0.6 to 0.9
and for cDNA chips a correlation of 0.7 can be regarded as good (Tuimala, 2005b).
Biological repeatability was tested whenever possible and in most cases showed
correlation values from 0.7 to 0.8 (Table 5). In all experiments (I, II, III), the biological
variation was as large as or smaller than the technical variation. In order to measure
the biological variation, mean values of the technical replicates were calculated and
similarity was measured. This indicates that the mean values of technical replicates are
very similar regardless of the source of the material.
When the ray and disc flower primordia were compared to each other, the biological
replicates were impossible to perform because the individual primordia were far too
small. Instead, a pooled sample was used, consisting of hundreds of primordia from
several inflorescences with 4 technical replicates (II). Issues related to a pooling of the
samples are discussed later. The replicates of these samples did not have a very high
correlation. This could be due to the following two reasons.
First, bad quality of the material could lead to low signals, which affects the values
of signal/background ratio. Low signal values are due to the sample material and the
RNA processing method. From Figure 11, we can see that, indeed, the ray and disc
flower comparison stages 3 and 5 had the lowest amount of highly expressed genes
(raw signal >5000). At stage 6, where correlation was also stronger, there were also
more highly expressed genes (Figure 11). This might be part of the reason for the low
correlation values.
Second, the fact that the correlation between replicates got better when
morphological changes increased indicates that the similarity of the material might be
the reason for the low correlation. Very little change in expression of the two channels
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results in a ratio of the two channels that is close to one in every spot. In this kind of
almost self to self hybridizations, the ratios form a cloud around the value 1 and not a
linear spread as in cases where expression values are more diverse. In theory,
correlation between technical replicate slides in self-to-self hybridizations cannot be
measured using standard correlations. In this kind of case, where only a limited number
of differentially expressed genes is expected, the power of statistical analysis becomes
even more important. In self-to-self cases, no genes should show differential
expression. We tested this using two nearly isogenic gerbera cultivars, Terra Ivory and
Terra Estelle (See next section).
We can conclude from the correlation coefficients that 1) in most cases, correlation
between technical replicates is higher than between biological replicates, 2) the more
similar the compared samples are, the less appropriate it is to use standard
correlations 3) overall, using either mRNA or amplified RNA (aRNA), the correlation
coefficients are high, indicating a good repeatability of the gerbera cDNA microarray.
Table 5. Correlation coefficients between technical and biological replicates of all studies
presented here (n=9275). Coefficients for technical replicates were calculated as mean values
of all correlations. Biological replicates were compared directly using standard correlation. No
biological replicates were included in ray and disc flower comparisons due to the small sample
size.
Experiment Correlation coefficients
ray vs. disc technical biological
stage 3 0.08
stage 5 0.12
stage 6 0.60
flower vs. leaf 0.72 0.83
flower organs
pappus 0.62 0.71
scape 0.63 0.70
stamen 0.70 0.77
early petal 0.60 0.71
late petal 0.62 0.70
petal development
stage 2 0.45 0.47
stage 4 0.26 0.20
stage 6 0.28 0.28
stage 7 0.36 0.46
stage 8 0.35 0.55
stage 9 0.48 0.69
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Data analysis
Petals of two nearly isogenic cultivars of gerbera, Terra Ivory and Terra Estelle, were
compared to each other in order to identify the gene or genes with altered expression
affecting accumulation of anthocyanin pigments (Figure 12). Ivory is most likely a
transposon mutant line of Estelle where anthocyanins accumulate. The petals in Estelle
are pigmented red while those of Ivory are white with occasional reverted red sectors.
Figure 12. Figure shows a gerbera cv. Terra Ivory with red segments in petals or half segment
as in this image. In cultivar Terra Estelle petals are anthocyanin pigmented and red in colour.
To our disappointment, no candidate gene could be identified. Most likely the
affected gene not present in the collection. This experiment, however, was used to
investigate and validate the statistical analysis methods used to detect differential
expression, i.e., essentially as a self-to-self microarray experiment. Unadjusted p-
value, p-value with False Discovery Rate (FDR; Benjamini and Hochberg, 1995) or
different fold changes were used as criteria for differential expression.
Two different stages, 4 and 6, of petals were collected from both Ivory and Estelle
and compared to each other in a microarray experiment. At stage 4, no anthocyanin
pigment was visible in Estelle, while at stage 6 the petals were completely pigmented.
Stage 4 included six and stage 6 five technical replicates. For both stages, there were
two biological replicates. P-value alone produces a certain amount of false positives by
chance. For example, with a p-value of 0.05, 5% of the genes (450 out of 9000) will
show differential expression by chance only and with 0.01, 1% (90 genes). The
expected amount of differentially expressed genes by chance only, using only p-value,
is indicated with red bars in Figure 13.
The genes categorized as differentially expressed by chance only are false
positives (type I family-wise error). FDR is used to control this error. When the FDR is
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set to, e.g., 0.05, at most 5% of genes categorized as differentially expressed are false
positives (i.e. by chance only). In the Estelle/Ivory experiment, no differentially
expressed genes were detected when the p-values were corrected for FDR of 0.1,
while when FDR was not used, hundreds of genes appeared to be differentially
expressed (Figure 13). FDR directly reflects the proportion of false positives in the
differentially expressed genes. If 500 genes show differential expression, 50 of these
are false positives if FDR 0.1 is used (Benjami and Hochberg, 1995).
Figure 13. The impact of multiple testing correction, p-value and fold-change analysed by
comparing two isogenic cultivars Ivory and Estelle. The expected number of differentially
expressed genes reflects those arising from chance alone (i.e. the null hypothesis of no
differential expression is true for all probes).
This analysis indicates that the p-value alone (without FDR) gave a high number of
false positives. This shows the importance of the multiple testing correction when
statistical analysis is used. In this case using only fold-change difference would have
been more reliable than using the p-value of the t-test. As shown in volcano plots, a
high fold change typically correlates with a low p-value (Figure 14). A volcano plot
represents the fold change (log-scale) on the x-axis of a two-dimensional scatter plot
and p-value as -log(P) on the y-axis. This shows the relationship between fold-change
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difference and statistical significance (p-value). Volcano plots were prepared for all
experiments and an example, petal developmental stage 8, is presented in Figure 14.
In other experiments, volcano plots looked more or less similar. Nevertheless, fold
change alone is useful at most for a preliminary screen for differential expression. The
p-values need to be validated for conclusions to be drawn. Fold-change is sometimes
used to further filter genes, showing statistically significant differential expression.
A high fold change is thought to reflect the biological relevance of the differential
expression, but in some cases a low fold-change in expression can be biologically
meaningful. For example, small changes in expression level of transcription factors can
lead to phenotypic changes. To conclude, there is no standardized method of data
analysis and methods used should be evaluated according to the experimental setup
and biological question investigated.
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Figure 14. Volcano plot showing the relationship between fold change and p-values in petal
developmental stage 8. The volcano plot represents the fold change (log-scale) on the x-axis of
a two-dimensional scatter plot and p-value as -log(p) on the y-axis. The volcano plot shows that
genes with the lowest p-values also have most often the greatest fold-change and are the most
reliable, differentially expressed genes.
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Validation of the results (I, II, III)
Microarray results need to be validated with an independent method. A few genes in all
of these experiments were chosen for verification with quantitative RT-PCR.
Expression profiles of other genes previously analysed with northern hybridizations and
digital northerns gave additional support for the microarray analysis.
In (I) we showed that the ESTs representing a single gene family (e.g. lipid transfer
proteins) had altered expression profiles in different flower organs. This suggested that
gerbera microarray hybridization, in the described conditions, was high in specificity.
The results of the previous northern hybridizations of earlier cloned gerbera genes also
validated microarray expression patterns. Results were further verified using real time
reverse transcription followed by polymerase chain reaction (RT-RT-PCR). This
method allows high sensitivity, reproducibility and a large quantification range (Pfaffl et
al., 2002).
The quantification methods can be absolute or relative. We used relative
quantification, in which the expression of the target gene is normalized against a
reference gene. Three different genes, ubiquitin, actin and ribosomal RNA, were tested
as reference genes. Ubiquitin was found to have the least variation in its expression
across conditions and it was used as a reference probe. Real time PCR was found to
be more sensitive to fold changes than microarray analysis. Expression of nearly all of
the genes correlated with the microarray result (I, II, III).
LARGE-SCALE IDENTIFICATION OF GENES INVOLVED IN
FLOWER DEVELOPMENT (I, II, III)
In order to identify new genes involved in flower development in gerbera, three different
microarray approaches were used. In the first one, in addition to the construction and
optimisation of the gerbera 9K cDNA microarray, many new organ-specific marker
genes were found (I). In the second study, the very early developmental stages of
individual flower types were characterized (II), both morphologically as well as
transcriptionally. The presence of differentially expressed genes between ray and disc
flowers suggested that several MADS-box transcription factors react to the underlying
morphogenetic gradient. In the third, more descriptive, study (III) six different stages of
petal development were profiled. Most interestingly, development of petals had a clear,
transcriptionally distinct stage, when a specific set of genes was expressed. We also
found that genes upregulated during early petal development were more stage-specific
while the late petal developmental stages were more similar to each other at the gene
expression level. This study defined new genes putatively involved in petal
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organogenesis. The main conclusions are highlighted below while the more detailed
results are presented in original publications I, II and III.
Analysis of flower-specific genes (I)
In analysis of flower-specific genes, an inflorescence sample was directly compared to
a leaf sample. In the re-analysis, using an adjusted p-value with FDR of 0.01 as a
criterion for the differential expression, instead of p-value and fold change as in I,
altogether 624 transcripts were found to be inflorescence-specific. In analysis of the
flower organs using the same criteria, 1182 genes were specific to one of the analysed
floral organs, namely petal, pappus or stamen. Of them, 55 showed leaf specificity in
comparison of inflorescence to leaf. The higher number of flower-specific genes
identified in the independent floral organs, in contrast to the inflorescence versus leaf
comparison, indicates that a more specific analysis gives more accurate results. Most
likely, in an inflorescence sample which is a pool of all flower parts, genes with low
expression are diluted and thus do not show differential expression in the statistical
analysis. In this case, 73% (861/1182) of transcripts showing flower organ specificity
were not detected in the inflorescence sample. A total of 358 transcripts that were
upregulated in the inflorescence sample but not in the flower organs were most likely
expressed in the floral organs that were not included in the analysis, e.g. carpels.
Schmid et al. (2005) noted that in arabidopsis, more detailed sampling of flower organs
instead of the whole flower increased the number of detected genes by 11%.
Organ-specific marker genes (I)
The flower organ comparison was made in order to identify organ-specific marker
genes. The criteria for organ-sepcific expression were a 4-fold difference in expression
in addition to a p-value limit of 0.05 (I). From the five conditions (pappus bristles,
stamen, early petal development, late petal development and scape), stamen and
pappus bristles had the highest number of specific transcripts, reflecting their specified
physiological role in the flower. In both, stamens and pappus bristles, many pathogen
and stress induced genes were upregulated, indicating a protective function. The scape
was found to be very different from flower organs and most similar to the leaf sample
(leaf to flower comparison, I). This suggests that, transcriptionally, the scape is closer
to the vegetative organs than to any of the flower organs.
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Flower type differentiation (II)
Gerbera is unique among the model species of flower development in that it contains
morphologically different types of flowers that are radially organised in a single
inflorescence. Flower type determination is an interesting question that can be
approached using a model system with a complex inflorescence such as that of
gerbera. Early flower development was divided into six morphologically different stages
(II). During the first stage, flower primordia were undifferentiated whereas at stage two,
petal primordia began to form. At stage 3, flower organ primordia had developed and at
stages 4 and 5, organ morphogenesis took place. Stage 6 corresponded to the earlier
defined inflorescence developmental stage 1 in ray flowers (Helariutta et al., 1993).
Interestingly, based on the morphological analysis, already at stage 5, ray and disc
flowers differed in petal and in stamen development. In the ray flowers, petals grew
faster and are fused together while they stayed separated in the disc flowers. Stamens
in the ray flowers are much shorter (in comparison to carpels), indicating that stamens
in the ray flowers follow a different developmental program than in the disc flowers
already from the beginning of organogenesis (II).
To further investigate the expressional differences between the flower types, stages
3, 5 and 6 of the ray and disc flowers were directly compared to each other using the
gerbera cDNA microarray. These were selected to span development from a stage
without visible morphological difference (stage 3) to one with clear visible differences
(stage 6). Four replicates from each stage were included and differential expression
was measured using adjusted p-values with the Benjamini-Hochberg FDR of 0.05 as a
correction for the multiple testing.
Transcriptional analyses detected differences between the flower types in gene
expression already at stage 3, although number were small, with 12 in the ray and 15
in the disc flowers. The low number of differentially expressed genes reflects the
morphological similarity of these stages. At stages 5 and 6, an increasing number of
genes showed differential expression between the flower types. Many differentially
expressed transcripts were shared between the two stages.
Model of differential expression of MADS-box genes in ray and disc
flowers (II)
The most interesting finding, revealed by comparative analysis of the ray and disc
flowers, was that expression levels of many MADS-box genes varied between the
flower types. This is a novel finding that has not been reported in any other species
before. It suggests that MADS-box genes sense the underlying inflorescence
morphogenetic gradient and respond to it.
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GRCD1 and GAGA1 showed the most dramatic difference between the flower
types, with GRCD1 the more expressed in the ray flowers and GAGA1 in the disc
flowers. GRCD1 has been suggested to be involved in determination of organ identity
in the ray flowers at whorl 3 (staminoids), because in transgenic lines that
downregulate GRCD1 gene, the ray flower staminoids were converted to petal-like
structures (Kotilainen et al., 1999).
Flower type abundant expression patterns of the other MADS-box genes were
investigated using correlation analysis. Co-expressed genes can be predicted to
interact and the quantitative expression patterns could affect the formation of the
MADS protein complexes. This is supported by a study where a complete interaction
map of arabidopsis MADS-box transcription factors showed that almost all of the
interacting proteins had similar expression patterns (de Folter et al., 2005). Our
analysis revealed several co-expressed MADS-box genes with flower type abundant
expression. A TM3-like MADS-box transcription factor G0000100021A03 was highly
co-expressed with GRCD1, suggesting that these together might be involved in stamen
arrest in the ray flowers.
In disc flowers, GAGA1 was coexpressed with the other gerbera C-function gene
GAGA2 and the gerbera genes similar to the B-function genes (GGLO1 and GDEF1
and GDEF2). Moreover, GAGA1 had a similar expression pattern with GRCD2 and
GRCD4, two gerbera genes from the SEP (E-function) clade. Co-expression of these
MADS-box genes indicated that they may be needed in determination of normal
stamen and carpel identity in the perfect disc flowers. In fact, experimental evidence
confirmed this for GGLO1, GDEF2 and GRCD2 (Yu et al., 1999; Uimari et al., 2004).
Based on these results, a model for flower organ identity gene regulation in disc and in
ray flowers is presented in II.
We have speculated on the nature of the morphogenetic gradient in gerbera
inflorescence. Morphogenetic gradients responsible for developmental processes are
composed in their simplest form from short range activators and long range inhibitors
(Meinhardt, 1978). A long range inhibitor could be a small molecule that can diffuse
non-cell-autonomously but it could also be a transcription factor that can move from cell
to cell as DEF or GLO. This implies that the morphogenetic gradient leads to the
formation of different complexes of MADS-box genes across the capitulum which
regulate the differentiation of the flower types.
Transcript profiling during petal organogenesis (III)
In order to study transcriptional changes during petal organogenesis, six stages of ray
flower petal development (2, 4, 6, 7, 8 and 9) were compared against a reference
sample (stages 1-11). Inflorescence developmental stages were previously
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characterised by petal length and accumulation of anthocyanin pigmentation in ray
flowers (Helariutta et al., 1993). Correlation analysis of various stages revealed that the
earlier the stage was the more specific was its expression profile. Stage 2 did not
correlate with any other stage. Moreover, stage 4 showed only a very low correlation to
stage 6. However, stages 7, 8 and 9 correlated very well, but still had stage-specific
transcripts. Analysis of cell structure and growth genes revealed that at stage 2, genes
involved in cell division were upregulated and at stage 6, those involved in cell
expansion were induced (III). At stage 4, neither cell expansion nor cell division marker
gene classes were upregulated (III). Stage 4 was defined as an intermediate stage
between cell division (stage 2) and cell expansion (stages 6-9), suggesting that
organogenesis is a stepwise and not a smooth process, in contrast to expectations.
Analysis of transcripts expressed at stage 4
A specific set of genes was upregulated at stage 4 (Figure 15A, Table 6). The 114
stage 4 specific transcripts included many genes which potentially encoded proteins
functioning in pathogen and disease resistance and participating in cuticle formation
(Figure 15A, Table 6). Developmentally this makes sense, because at stage 4 ray
flower petals have elongated to be longer than earlier protective involucral bracts and
they are exposed to several environmental abiotic and biotic stresses. ESTs that
potentially function in defence reactions against pathogens are: G0000300014G3
encoding ?-amyrin synthase, G00001000032D10 encoding chitinase and
G0000700005H5, G0000500013G4 and G0000500006C4 all encoding GDSL motif
containing lipases/esterases. Two genes, potentially involved in cuticle formation, are a
gerbera homologue for FIDDLEHEAD (G0000400014C9) and G000400023G7
encoding a lipid transfer protein (LTP).
Two ESTs (G0000700006A2 and G0000400013D7), representing the gerbera
GDEF2 gene, were abundantly expressed at stage 4. GDEF2 is the gerbera B-function
MADS-box transcription factor, orthologous to the Antirrhinum gene DEF (Yu et al.,
1999). Bey et al. (2004) took advantage of the temperature sensitive def-101 mutant to
identify DEF-dependent target genes in Antirrhinum petals. The stage where they
analysed the downregulated DEF function matched approximately our stage 4. They
found similar upregulated genes as we did, including genes encoding lipid transfer
proteins, chitinases and GDSL-lipases (Bey et al., 2004). Our results suggest that
some of the putative DEF target genes characterised by Bey et al. (2004) in
Antirrhinum could have a role at the transition from cell division to elongation.
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Table 6. Upregulated transcripts at stage 4 with p-value<0.005 (with FDR).
EST code Ratio Description
Metabolism
G0000700009B5 1,75 S-adenosylmethionine synthetase 3 (EC 2.5.1.6)
G0000500004G12 1,31 Putative histidine decarboxylase
G0000600016D5 1,3 S-adenosylmethionine synthetase 1 (EC 2.5.1.6)
G0000600010D10 1,24 Methionine synthase (EC 2.1.1.14)
G0000600017E4 1,23 3-phosphoshikimate 1-carboxyvinyltransferase (EC 2.5.1.19)
G0000100024A1 1,74 Mannitol dehydrogenase (EC 1.1.1.255)
G0000400018C6 1,59 UTP-glucose-1-phosphate uridylyltransferase (EC 2.7.7.9)
G0000200024H5 1,47 Sucrose synthase isoform I (EC 2.4.1.13)
G0000200057A4 1,37 Fructose-bisphosphate aldolase, cytoplasmic isozyme (EC 4.1.2.13)
G0000500018C6 1,36 Triosephosphate isomerase, cytosolic (EC 5.3.1.1)
G0000600011D3 1,32 DTDP-glucose 4-6-dehydratase homolog D18
G0000700005H5 2,79 Putative GDSL-motif lipase
G0000500013G4 2,56 Putative GDSL-motif lipase
G0000300014G3 2,24 Beta-amyrin synthase (EC 5.4.99.)
G0000500006C4 1,86 Putative GDSL-motif lipase
G0000400014C9 1,7 FIDDLEHEAD-like protein
G0000400018C2 2,54 Putative carbonyl reductase
G0000700014B12 1,59 Formate dehydrogenase, mitochondrial precursor (EC 1.2.1.2)
G0000500004G9 1,58 Putative uridylyl transferase
Energy
G0000700012F5 1,41 ATP synthase gamma chain, mitochondrial precursor (EC 3.6.3.14)
G0000700009A11 1,56 Putative thioredoxin M2
G0000100035A3 1,54 Putative thioredoxin M2
G0000900014E8 1,40 Thioredoxin H-type 2 (TRX-H-2)
G0000500004E11 1,27 Ferredoxin
G0000200058D10 1,23 Subunit 6B of cytochrome C oxidase
G0000500001A9 1,69 Oxygen-evolving enhancer protein 1
G0000500019E6 1,55 Photosystem I reaction centre subunit N
G0000300015F5 1,38 Vacuolar ATP synthase 16 Kda proteolipid subunit (EC 3.6.1.34)
Transcription
G0000700006A2 1,62 MADS-box protein, GDEF2
G0000400013D7 1,52 MADS-box protein, GDEF2
G0000500014H10 1,44 Putative DNA-binding protein
Protein synthesis
G0000500020E11 1,58 Ribosome-like protein
Protein destination and storage
G0000500002H10 1,39 Putative chaperon P13.9
G0000800004H4 1,57 Ubiquitin-like protein
G0000800018E2 1,55 Ubiquitin-conjugating enzyme (EC 6.3.2.19)
G0000500013A1 1,18 Putative alpha7 proteasome subunit
Transporters
G0000600004A5 1,46 Phosphatidylinositol transfer-like protein III
Cell structure
G0000700015F2 1,48 GAST1-like protein
G0000200002G9 1,45 Histone H2B
Signal transduction
G0000500004G6 1,36 Nucleoside diphosphate kinase 3
G0000400013H9 1,14 SHAGGY-like kinase  (EC 2.7.1.-)
G0000100001H3 1,50 Peptidyl-prolyl cis-trans isomerase (EC 5.2.1.8)
G0000500003A6 1,42 Type 2 peroxiredoxin
G0000500015F11 1,50 TMV-induced protein I
G0000500020E4 1,69 Accelerated cell death 2
G0000100032D10 1,67 Basic chitinase
G0000100004E10 1,49 Ethylene-responsive late embryogenesis-like protein
G0000500015D3 1,19 L-ascorbate peroxidase, chloroplast precursor (EC 1.11.1.11)
Secondary metabolism
G0000800004H8 1,61 Phenylcoumaran benzylic ether reductase homolog FI2
G0000100015F12 1,48 Flavanol synthase II
G0000600020A4 1,68 Caffeoyl-coA O-methyltransferase (EC 2.1.1.104)
G0000200028F10 1,62 Sinapyl alcohol dehydrogenase SAD
G0000400022H2 1,32 S-adenosyl-L-methionine:trans-caffeoyl-coA 3-O-methyltransferase (EC 2.1.1.104)
G0000200008D5 1,30 Putative cinnamyl alcohol dehydrogenase (CAD)
G0000700011E4 1,34 Glucose acyltransferase
Lipid transfer proteins
G0000400023G7 2,20 Lipid transfer protein LTP
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At stage 9 a high number of transcripts is upregulated
Intriguingly, stage 9 had the highest number of upregulated transcripts. Comparison
with stages 7 and 8 revealed transcripts that were specific to stage 9 (Figure 15B).
Many of the stage 9 specific transcripts, such as several heat shock genes, cysteine
protease and cystatin, are putatively associated with senescence which finally takes
place at stage 11 of petal development. Senescence limits the vase life of cut flowers
and genes associated with it have been globally identified in many ornamental plants
including daylily, iris and alstroemeria (Panavas et al., 1999; Rubinstein, 2000; Huang
et al., 2001; Wagstaff et al., 2003; Pak and van Doorn, 2003 and 2005; van Doorn et
al., 2003; Breeze et al., 2004; Grudkowska and Zagdánska, 2004; Zhou et al., 2005).
Alternatively, the proteins that these genes encode could be involved in another cellular
process such as pathogen or stress resistance, reflecting that the same metabolic
processes are used to react for stresses, programmed cell death and senescence.
Figure 15. Venn diagrams comparing upregulated (p-value with FDR <0.005) genes. A) at
stages 2, 4 and 6 in order to identify genes involved in transition stage (stage 4) from cell
division (stage 2) to cell expansion (stage 6) and B) at stages 7, 8 and 9 to identify genes
upregulated during late petal development. P-value with FDR of 0.005 was used at stage 7 and
8 and 0.001 for stage 9.
Petal as a general model for organogenesis
Stage-specific profiling of petals was further compared to the previous analyses where
early and late petal developmental stages were pooled, respectively. We found that
those genes previously identified as late petal-specific were constitutively expressed
(stages 5-9.5). Early petal-specific transcripts showed a more specific pattern. All of
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them were specific to stage 2 of petal development and none to stage 4. This in turn
indicates that development of early stages is transcriptionally strictly specified.
Together this comparison with previous pooled analysis of organ-specific marker genes
suggests that transcripts needed for regulation of organogenesis are shared between
flower organs and are not specific to petals. This in turn suggests that petals can be
used as a general model for organogenesis of floral organs.
Meta-analysis of probes annotated to encode transcription related genes
In order to find new regulatory genes in flower development, expression of those
showing flower specificity and annotated as "transcription-related genes" were profiled
across all 15 experiments. There were altogether 383 transcription related genes on
the gerbera cDNA microarray, from which 45 were inflorescence-specific (based on the
comparison of inflorescence to leaf). When those specific for stamen, pappus and early
and late petal development were taken into account, 30 additional transcription-related
genes showed inflorescence specificity. Expression of these 75 flower-specific
transcription genes, in all experiments of this thesis, was clustered using GeneTree
clustering (Figure 16) in order to summarise their expression patterns.
Co-expression of genes may reflect co-regulation, and this combined profiling also
gave information about the complex regulatory network and putative gene regulatory
complexes. In addition to the MADS domain proteins, many other flower-specific
transcription related genes that putatively regulate flower development can be identified
(Figure 16). Three ESTs encoded SQUAMOSA PROMOTER BINDING like genes,
which were highly expressed in ray flower primordia as well as in petals of ray flowers
at stages 2 and 4. Expression of these genes was downregulated during late stages (6-
9) of petal development.
Nineteen of the ESTs encoded different classes of zinc finger transcription factors.
TFIIIA and GATA-type zinc finger motifs are DNA-binding domains while others, for
example LIM and RING-type motifs, function in protein-protein interactions (Takatsuji,
1998). TFIIIA-type factors include EPF, WRKY, GATA1 and DOF-like families of
transcription factors. In our analysis there was one WRKY transcription factor
(G0000400023B9) that was more expressed in leaves as well as in pappus bristles and
in the early stages of petal development. WRKY is pathogen activated and might have
a role in pathogen induced processes.
CONSTANS is a GATA1-like transcription factor inducing flowering in arabidopsis.
A CONSTANS-like transcription factor gene was expressed in petals from stage 6 until
stage 9 as well as in disc flowers at stage 5. Four different ESTs encoded LIM-domain
transcription factors. As in animals, LIM-domain proteins are suggested to have a role
in organisation of actin cytoskeleton and in transcriptional regulation in the nucleus
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(Eliasson et al., 2000; Mundel et al., 2000). Moreover, in sunflower, PLIM1 and PLIM2
have been shown to be pollen-specific (Baltz et al., 1992; Eliasson et al., 2000).
Several transcription factor encoding genes having MYB-domain showed
differential expression. Two of them, MYB26 and MYB-RELATED PROTEIN 305, were
upregulated at petal development stage 6 and may regulate anthocyanin pathway, as
GMYB10 is a known regulator of anthocyanin biosynthesis (Elomaa et al., 2003).
GMYB8 was more expressed at the ray flowers at stage 3 and in petal stage 2.
Figure 16. A GeneTree clustering of the flower-specific transcription related genes across all
hybridisations that show significantly differential expression in at least one of the conditions.
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Expression of gerbera MADS-box genes
On the microarray, 44 gerbera probes were annotated to encode the MADS-domain
transcription factors. From these, 34 showed significant changes in expression in at
least one of the 15 experiments. These 34 MADS-box genes were clustered two-
dimensionally using a standard correlation as a measure of distance (Figure 17).
Annotation of these genes showed that they represented 20 different MADS-box
transcription factors.
Two dimensional clustering shows the similarity of the expression pattern of the
MADS-box genes between the experiments. Interestingly, the comparison of the ray
and disc flower at stage 3, where upregulation reflected more expression in the disc
flowers, was most highly correlated with the stamen sample. This indicates that the
MADS-box genes that were upregulated in stamens were also upregulated in the disc
flowers that developed into perfect flowers with stamens. Those genes not expressed
in stamens, were instead more expressed in the ray flowers where stamens aborted.
This indicates that already at this stage, stamen development was transcriptionally
defined in disc flowers but not in ray flowers, suggesting that the signal needed for
stamens to develop normally is upstream from the MADS-box genes. Also, the late
stages (stages 6-9), as well as the early stages (stages 2 and 4), of petal development
were expressionally similar to each other. Pappus bristles and flower scape are most
different from the other samples, which can be explained by their specified
development and function.
Five new MADS-box genes
Annotation of the EST collection revealed five MADS-box genes that were not
previously identified in gerbera, named G0000100021A3, G0000500017F5,
G0000500009H11, G0000700006A2 and G0000400015F7. The first one was identified
from the late petal library, second and third from the leaf library, fourth from the pappus
library and the last one from the stamen library.
Only one EST from each of them was sequenced, indicating that they are not very
highly expressed in these organs. Two (G0000400015F7 and G0000500017F5) did not
show altered expression in any of the analysed experiments while the other three had
specific expression profiles. G0000100021A3 was one of the few, clearly ray flower-
specific ESTs. G0000500009H11 was the only EST that had more expression in the
leaf than in the flower. Additionally, it was expressed in the scape, confirming its
specific role in green parts of the plant. G0000700006A2 was more expressed in disc
flowers than in ray flowers.
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Figure 17. A two-dimensional GeneTree clustering of the gerbera MADS-box genes.
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5 CONCLUSIONS AND FUTURE PROSPECTS
The gerbera microarray developed in this study is a reliably functioning tool to be used
in large scale studies of flower development. Sample preparation and hybridisation
conditions have been optimised for total, poly(A) and amplified RNA. Several
experimental designs have been used. The data-analysis methods were optimised for
gerbera. Both technical and biological replicates should be included in analysis,
although different replicates within a single experiment correlated satisfactorily.
Statistical analysis is required, but the use of the p-value alone as a criterion is not
enough for reliable results. The False Discovery Rate (FDR) works well for adjusting p-
values for multiple comparisons.
Experiments presented here (I, II and III) revealed a number of differentially
expressed genes for further analysis. The main future prospect will be to define
functions for interesting candidate genes identified with the microarray analysis. At the
moment, transformation of gerbera is still relatively laborious, which makes it
impractical to use gerbera for high-throughput transgenic studies. The number of
candidate genes could be reduced by first using other faster and easier model
systems, such as arabidopsis or petunia, to screen the most interesting genes for
gerbera transformation. The gene expression pattern of interesting genes could also be
further studied with other methods such as in situ hybridisation. In order to make
gerbera an ideal model system for high-throughput studies of flower development,
more effective transformation methods need to be developed. One possibility could be
the Virus Induced Gene Silencing (VIGS) that makes it possible to rapidly detect the
possible phenotypic effect of the down- (or up-) regulation of the tested gene.
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